Other mismatched DNA produced only a low response, as well as complementary DNA. Thus G-G mismatched DNA can be easily discriminated from other mismatched and complementary DNA based on the sensor. Furthermore, the method was simple, rapid and repeatable for the detection of G-G mismatched DNA. The selective detection of target dsDNA was achieved by a relative current ratio of the target and control DNA. These results demonstrated that this strategy could provide great promise for the rapid and specific detection of other sequence-specific DNA.
Introduction
The detection of disease-related DNA has attracted increasing interest due to its important applications in early clinical diagnosis, biomedical, epidemic prevention, and environmental analysis, etc. [1] [2] [3] Various techniques have been developed for the sensitive detection of DNA, such as radiochemical, fluorescent, electrochemical, colorimetric, and chemiluminescent methods, etc. Electrochemical detection platforms have been widely applied, which benefit from a fast response, reliable, simple instrumentation, ease of miniaturization, high sensitivity and selectivity. [4] [5] [6] [7] Various electrochemical measurement protocols have been used, including square-wave voltammetry, 8, 9 differential pulse voltammetry (DPV), 10 cyclic voltammetry (CV) 11 and electrochemical impedance spectroscopy (EIS). 12 DPV exhibited the new prospect because of its high sensitivity, high accuracy, easy operation, and wide applicable range. Moreover, DPV provided larger peak potential separations and higher response sensitivity to DNA compared to CV.
Single nucleotide polymorphism (SNP) is the most common form of genetic variation, which plays an importance role in the identification of human diseases (e.g., cancer) and the prediction of drug efficacy or adverse drug reactions. Various methods have been developed for the detection of SNP. Among these methods, to simple and fast detect mismatches in the DNA sequences is indispensable. To improve SNP discovery without having any knowledge of their precise sequences, Nakatani et al. 13 designed and synthesized a low-molecular-weight ligand that can specifically bind to the G-G mismatch, one of four possible SNP types, for the first time. In previous work, the author, Dr. He, had been developed some electrochemical methods to detect mismatched DNA or trinucleotide repeat DNA based on the designed electrochemical organic molecule. [14] [15] [16] [17] Bifunctional electrochemical probes were designed, and applied in the electrochemical method to structure the sensor and to detect CGG trinucleotide repeat and G-G SNPs dsDNA. [14] [15] [16] The results indicated their excellent selectivity and sensitivity. However, the development of new methods for the detection of SNP is still a challenge with the advantages of rapid response, ease of multiplexing, sensitivity and specificity.
In electrochemical DNA sensors, electrochemical activity indicators are usually introduced for increasing the sensitivity, including ferrocene (Fc), [18] [19] [20] methylene blue (MB) 21, 22 and the ruthenium complexes (e.g., [Ru(NH3)6]Cl3) 23 etc. They have been widely used as the electrochemical sensor probes because of their electrochemically reversible redox behavior. Ruthenium complexes can intercalate into the dsDNA to achieve universal detection of the target as an electrochemical active intercalator.recognition molecule was modified on the surface of a gold electrode to capture target DNA. Here, considering the advantages of the NC-linker modified Au electrode, the proposed strategy coupled [Ru(NH3)6]Cl3 as a redox indicator and a NClinker 17 as the nucleic acids recognition molecule in the construction of a novel electrochemical sensor for specific G-G mismatched dsDNA detection. This method was different from other DNA sensors by utilizing oligonucleotides as probe fragments and working either in hybridization or denaturation modes.
In this study, a simple and rapid electrochemical sensor was developed based on [Ru(NH3)6]Cl3 as a redox indicator for the detection of G-G mismatched DNA. The nucleic acids recognition molecule (NC-linker), as shown in Scheme S1 (Supporting Information), was modified on the surface of gold electrode to capture target DNA selectively through binding between G-G mismatched DNA and NC-linker. [Ru(NH3)6]Cl3 was bound with the strategy as a universal current signal probe to intercalate the dsDNA, which resulted in a remarkable electrochemical signal to achieve target DNA detection. The proposed strategy can easily discriminate G-G mismatched DNA from other mismatched and complementary DNA. The selective detection of target dsDNA was achieved by the relative current ratio of target and control DNA. Moreover, this strategy was simple and convenient to operate, which would be provide a feasible choice for the fast detection of SNP, early diagnosis and treatment of diseases. 
Experimental

Reagents and apparatus
Electrochemical measurement
All of the electrochemical experiments were performed on a CHI660E electrochemical workstation (Chenhua Instruments, Inc., Shanghai) with a three-electrode system, which was composed of a platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference electrode, and a gold electrode (2 mm in diameter) as the working electrode. DPV was performed in PBS buffer solution (10 mM, 
Fabrication of electrochemical sensor
The gold electrode was polished with the 50 nm alumina slurry and sonicated in absolute ethanol and ultrapure water for 5 min, respectively, to remove the residual alumina powder. The electrode was then electrochemically cleaned in 0.5 M H2SO4 by cycling the potential between -0.2 and 1.6 V until a reproducible CV could be obtained. Subsequently, the electrode was thoroughly washed with ultrapure water and dried in a nitrogen stream for further use. The pretreated Au electrodes were immersed in 100 μL of a 5 mM MPA ethanol solution overnight to obtain a carboxyl-terminated self-assembled monolayer on the surface of the Au electrode. Then, the electrode was washed with ethanol and ultrapure water, respectively, to remove excess MPA. The modified electrode was immersed into the activation solution containing 400 mM EDCI and 100 mM NHS for 2 h. After thoroughly rinsing with ultrapure water, the activated gold electrode was immersed into 10 mM PBS (pH 7.0) containing a 500 mM amino-terminal NC-linker overnight in order to form a peptide bond. The NClinker modified electrode was incubated with 50 μL of 500 nM dsDNA at 37 C for 2 h, which was subsequently incubated into 1 mM [Ru(NH3)6]Cl3 water solution at room temperature for 2 h. Then, the NC-linker modified electrode was successfully prepared after washing with ethanol and ultrapure water to remove any excess [Ru(NH3)6]Cl3, in order to ensure that the electrochemical signal obtained only accounts for [Ru(NH3)6]Cl3 bound to the sequences. Finally, the [Ru(NH3)6]Cl3 redox current was measured by DPV.
Results and Discussion
The principle of the strategy
The naphthyridine derivative has been certificated for its ability to selectively recognize G-G mismatched DNA or the CGG trinucleotide repeat, which mainly contributes to the complementary hydrogen binding between naphthyridine and the G base.
14-17 Based on our previous work, the naphthyridine derivative was modified on the surface of a gold electrode by the condensation of amine and carboxyl acid. The modified gold electrode could selectively capture G-G mismatched DNA because of specific binding of the naphthyridine derivative with G-G mismatched DNA. Next, [Ru(NH3)6]Cl3 as a universal electrochemical probe was applied to obtain the electrochemical signal arising from the strong interaction between [Ru(NH3)6]Cl3 and the bases of DNA. When the sensor was directly incubated with a [Ru(NH3)6]Cl3 solution, no current signal was observed. When the sensor was incubated with target DNA or other DNA solution, some current signals of [Ru(NH3)6]Cl3 could be seen obviously. Although the sensor would capture some other dsDNA due to the nonspecific binding, the quantity of the captured dsDNA was less. Consequently, the current signal of [Ru(NH3)6]Cl3 would be lower. The difference of the current was used to decide whether or not there was a G-G mismatch in the DNA (as shown in Scheme 1).
Electrochemical characterization of the sensor
The electrochemical behaviors of the sensor during the assembly processes of the gold electrode were characterized by EIS and DPV. EIS is a sensitive and effective characterization technique used for examining the conductivity of the electrode surface. As shown in Fig. 1A , EIS curves were obtained in 0.5 M KNO3 containing 0.5 mM [Fe(CN)6] 3-/4-; the semicircle diameter was equal to charge-transfer resistance (Rct). The bare electrode exhibited an almost straight line (curve a), reflecting the excellent conductivity. When the MPA was self-assembled on the surface of the Au electrode by Au-S bonds, the value of Rct increased (curve b), which was attributed to that the small molecules could obstruct the electron transfer. Afterwards, the NC-linker was immobilized on the surface of the electrode by a condensation reaction of amine and carboxyl, which resulted in a slight increase of the Rct value (curve c). Importantly, the value of Rct increased significantly (curve d) after incubation with target DNA, suggesting that the target DNA formed an additional barrier to inhibit electron transfer on the electrode surface because of the electrostatic repulsion between the negative charges of the target DNA phosphate backbone and the [Fe(CN)6] 3-/4-ions. It finally indicated that the naphthyridine derivative modified electrode was able to capture G-G mismatched DNA due to the selective interaction of the G-G mismatched DNA and the naphthyridine derivative. After incubation with the [Ru(NH3)6]Cl3 solution, the value of Rct significantly decreased (curve e), which was attributed to that the binding [Ru(NH3)6]Cl3 on the dsDNA could promote electron transfer. The results indicated that the sensor was effectively and successfully fabricated. Accordingly, as Fig. 1B illustrates, obviously the sensor did not show any electrochemical signal before incubation with the [Ru(NH3)6]Cl3 solution (curve a). The redox signal was observed clearly after the sensor was incubated with the [Ru(NH3)6]Cl3 solution (curve b) due to the captured doublestranded DNA provided binding sites for [Ru(NH3)6]Cl3. These facts demonstrated that the sensor can be used for the sensitive detection of G-G mismatched DNA. Both results of EIS and DPV proved that the sensor worked effectively as described in the principle scheme.
Selective binding of the sensor for different mismatched DNA
The naphthyridine derivative can selectively bind to G-G mismatched DNA based on the work of the Nakatani group and the author's previous work. 14, 15, 24 To validate the specificity of the proposed electrochemical sensor, all possible mismatched Fig. 2 , the DPV current was the largest and reached a value of about 0.24 μA (black line) in the presence of G-G mismatched DNA. These results suggested that the proposed sensor had high selectivity towards G-G mismatched DNA. The specific interaction of G-G mismatch with NC-linker modified on the electrodes assured excellent selectivity of the biosensor.
and complementary dsDNA were detected, such as G-G, G-A, G-C, G-T, C-A, C-T, C-C, C-G, A-C, A-A, A-T, A-G, T-A, T-T, T-C and T-G, 16 kinds of different dsDNA. As shown in
When the dsDNA intercalator [Ru(NH3)6]Cl3 was introduced to the sensor, the absolute current value of the sensor would increase with an increase of the dsDNA length. Moreover, a considerably low DPV background signal was acquired due to the inevitably, non-specific adsorption of [Ru(NH3)6]Cl3. Considering these points, the selectivity was investigated based on the relative current ratio (mismatched dsDNA/complementary dsDNA), not the absolute current value. To intuitively and clearly express the selectivity of the proposed sensor, an analysis for data of Figs The ratio of ΔIDNA to ΔIG-C was analyzed as shown in Fig. 2E . G-G mismatched dsDNA was selectively detected based on the ratio of the current signal (ΔIDNA/ΔIG-C). The results indicated that the ratio for the G-G mismatched dsDNA was about 1.5 to 1.6 among three different sensors. Exhilaratingly, it was found that the ratios for other dsDNA were normally among 0.7 to 1.2. For each sample, three different electrodes were used in order to avoid any randomicity. The distribution clearly indicated that the sensor had good selectivity for G-G mismatched DNA detection.
Detection of target DNA
To evaluate whether the proposed electrochemical sensor could be applied to the quantitative detection of G-G mismatched DNA, a DPV measurement was carried out. DPV as a sensitive electrochemical technique was widely applied according to different analytical purposes. The small molecule modified electrodes were incubated with a series of concentrations of G-G mismatched DNA (0, 10, 50, 500, 1000, 2000, 3000, and 4000 nM). Then, the process of the electrodes incubation with sufficient [Ru(NH3)6]Cl3 was performed for the target DNA detection. As shown in Fig. 3A , the DPV signal increased as the concentration of the target DNA increased from 0 to 4000 nM. Increasing the concentration of G-G mismatched DNA led to a increase in the adsorption amount of [Ru(NH3)6]Cl3. Moreover, at least three replicated experiments were performed for each DNA concentration to attain the relationship of the concentration and the current. The DPV response of G-G mismatched DNA incubated with [Ru(NH3)6]Cl3 solution (I) was observed. ΔI was calculated based on the response (I) subtracted the current (I0) obtained without the redox probe (ΔI = I -I0). As shown in Fig. 3B , the DPV current was a linear correlation versus the concentration of G-G mismatched DNA in the range from 50 nM to 2 μM. Although the detection limit was calculated to get 3 nM based on S/N = 3, the minimum concentration (10 nM) that we had detected was as the detection limit, because of the fact that the error bar at 10 nM was really lightly large. The linear regression equation was ΔI(μA) = 0.02392 × cDNA + 0.07944(μM) (R 2 = 0.993).
Interference of the sensor
The electrochemical sensor was assumed to be highly selective towards G-G mismatched DNA. In order to further confirm the feasibility of the sensor to G-G mismatched DNA, the mixture of 16 kinds of dsDNA including different mismatched DNA and the fully matched double-strand calf thymus DNA (ct-DNA), were employed in the interference experiment. As shown in Figs. 4A and 4B, the DPV current was larger (black line) in the presence of G-G mismatched DNA. However, due to the inevitably, non-specific adsorption of [Ru(NH3)6]Cl3, which resulted in a low DPV background signal, the difference in the DPV current was not significant intuitively. To clearly and intuitively express the practicality of the proposed sensor, the relative current ratio to the interference with and without G-G mismatched DNA was analyzed. A remarkable difference from the results could be easily recognized, as shown in Figs. 4C and 4D. As shown in Fig. 4C Besides, the comparisons can be seen in Table S1 in Supporting Information, which also demonstrated its utility. Compared to other methods, although the detection limit is not very low, the sensitivity is not very high. The preparations and operation of the sensor are very simple; equipment cost is cheap. The method is very different from other DNA sensors utilizing oligonucleotides as probe fragments, and working either in hybridization or denaturation modes. It applied chemically small molecular binding to G-G mismatch selectively, and combined with the electrochemical method. The detection limit and the selectivity are also very good. These have very important significance for the development of DNA fast detection, and provide a feasible choice for the rapid detection of SNPs.
Conclusions
In conclusion, a simple and sensitive electrochemical sensor was designed based on [Ru(NH3)6]Cl3 as the redox indicator and small molecule recognition to G-G mismatched DNA. Because of the selective binding between the G-G mismatched DNA and the naphthyridine derivative modified on the surface of gold electrode, the sensor can capture G-G mismatched DNA. The electrochemical signal of [Ru(NH3)6]Cl3 binding to dsDNA was applied for the specific detection of G-G mismatched DNA. These results indicated that the signal ratio of the sample containing G-G mismatched DNA and the control sample was about 1.5. The selective detection of target dsDNA was achieved by the relative current ratio of the target and control DNA. This electrochemical sensor presented notable advantages, such as a fast preparation procedure, low-cost detection and a label-free target. Moreover, the method could remarkably discriminate G-G mismatched DNA, even from 16 kinds of mix DNA and ct-DNA. Therefore, the proposed electrochemical sensor would provide a potential alternative platform for the detection of G-G mismatched DNA in biomedical research and early clinical diagnosis.
